Whitehead Institute 30% identical and 45% similar across the entire coding sequence ( Figure 1A) 1C ). In contrast, dmos tranotic divisions. We identified a Drosophila homolog of script was absent from early embryos that had undermos and showed it to be the mos ortholog by two gone activation ( Figures 1D-1E ). Lack of signal with the additional criteria. The dmos transcripts are present control, sense-strand probe showed that the staining in Drosophila oocytes but not embryos, and injection was specific ( Figures 1F-1I) . Therefore, dmos displayed of dmos into Xenopus embryos blocks mitosis and an expression pattern analogous to that of vertebrate elevates active MAPK levels. In Drosophila, MAPK is mos and suggestive of a role in meiosis. activated in oocytes, consistent with a role in meiosis. We generated deletions of dmos and found that, as in vertebrates, dmos is responsible for the majority of DMOS Has Cytostatic Activity MAPK activation. Unexpectedly, the oocytes that do
and detected a 2-fold increase ( Figure 2D ). Therefore, Males mutant for dmos were fully fertile. In contrast, female flies mutant for dmos had fewer progeny than injection of DMOS into Xenopus embryos led to activaheterozygous sibling controls. This reduction ranged tion of MAPK and to an arrest of the embryonic mitotic from 72% of normal progeny in young females (0-3 days cycles. These results indicate that DMOS has a CSF old) to 45% of normal progeny in old females (12-15 activity mediated by the MAPK cascade and that it is days old), showing that the defect is exacerbated with the bona fide Drosophila ortholog of MOS.
age of the flies (Table 1) . Therefore, deletions of dmos lead to a female-specific fertility defect.
MAPK Is Downstream of dmos
The reduction in progeny number of the dmos mutant in Drosophila Ovaries females could be due to reduction in the number of The elevation of MAPK phosphorylation after injection viable eggs produced or deposited (oogenesis defect), of dmos in Xenopus embryos raised the possibility that a reduction in the number of embryos that develop into the MAPK cascade is also active in Drosophila oocytes viable adults (developmental defect), or a combination and that it may be downstream of DMOS. To test these of both. We found that the majority of embryos deposhypotheses, we first generated a deletion of dmos (see ited by dmos mutant females developed normally past the Supplemental Data available with this article online the postblastoderm stage (data not shown), and thus and Figure 3A) , and we then analyzed the level of MAPK embryogenesis defects are not the primary cause of and MEK1/2 (MAPK kinases) phosphorylation in wildthe reduction in progeny number. In addition, during the type and dmos mutant flies. We found that MAPK and course of these experiments, the number of eggs depos-MEK1/2 are phosphorylated in wild-type Drosophila ited by dmos mutant females was not noticeably different ovaries, during prophase I (stages 1-13) and metaphase from that of the heterozygous sibling controls, suggesting I (stage 14) ( Figure 3B) . Strikingly, the phosphorylation that egg deposition is not defective in the mutant. level of MAPK in the dmos mutant ovaries was reduced To examine whether elimination of dmos leads to mei-15-fold in metaphase I-arrested oocytes and 4-fold in otic defects, we dissected the ovaries of dmos mutant prophase I-arrested oocytes ( Figure 3B ). The levels of females and stained them with DAPI. We did not observe MEK1/2 phosphorylation were also greatly reduced. In any significant differences in the ovaries from the dmos contrast, MAPK and MEK1/2 phosphorylation levels mutant as compared to dmos/CyO in females aged up were unaffected in mutant female carcasses from which to 9 days (data not shown). The metaphase I arrest of the ovaries had been completely removed and in mutant mature oocytes appeared to be normal, indicating that males ( Figure 3B ), suggesting that DMOS does not affect dmos is not essential for meiosis. Females from the three genotypes indicated in the top row were aged for the time indicated in the left column. For each genotype, five vials with five virgin females in each vial and 5 wild-type (y, w) males were mated for 3 days. After 3 days, the flies were transferred to a fresh vial supplemented with dry yeast. The number of adult progeny that emerged from the last vials in each aging period was counted and the number given in the "Progeny #" columns represent total of the five vials for each genotype. The percent mutants/heterozygotes represents the ratio of progeny by dmos/dmos divided by the progeny of dmos/CyO. At the end of each aging period, the females were recovered and their ovaries were dissected and stained with DAPI.
number. The apoptotic egg chambers were frequently translationally regulate mos and cyclin B. We explored a role for ORB in establishment of the metaphase I arrest followed by stage 14 oocytes with normal metaphase I spindles ( Figure 3F) ; thus, absence of DMOS function and found that orb mel mutant ovaries had normal metaphase I spindles in stage 14 oocytes (data not shown). could be overcome so that some egg chambers did not undergo apoptosis and developed.
If cyclin B and mos are both targets of ORB, and if they function redundantly in establishing the metaphase I To determine whether dmos is required for progression through meiosis beyond the metaphase I arrest, arrest, then reducing the amount of mos in a weak orb mel mutant may unmask a role for ORB in metaphase I arrest. we analyzed unfertilized embryos laid by dmos mutant females. The post-meiotic chromosomes in the unfertilHowever, we found that reducing the levels of mos in the orb mel mutant background did not enhance the orb mel ized embryos condense into a characteristic rosette structure ( Figure 3G ). We found that the rosettes in the mutant phenotype (data not shown), suggesting that ORB does not regulate a pathway parallel to MOS. unfertilized eggs laid by dmos mutant females appeared to be normal ( Figure 3H ). These results show that dmos Third, the PAN GU (PNG) protein kinase complex is required for sustaining high levels of Cyclin B by activatis not essential for progression through meiosis I and II or for blocking DNA replication between the two meiotic ing cyclin B posttranscriptionally [22]. PNG and its two activating subunits, PLU and GNU, promote mitosis spedivisions. In summary, mutations in dmos compromise fertility in females as a result of a combination of apoptocifically in the early embryonic divisions, but all of the proteins are present during oogenesis [23-25]. Thus, sis at stage 7-8 and a secondary defect. In those egg chambers that escape apoptosis, however, the meiotic DMOS and PNG could act redundantly to control Cyclin B and active CDK1/Cyclin B (or Cyclin B3) during meiodivisions are completed normally, and viable embryos result. Thus, it appears that despite its requirement for sis. We tested this hypothesis by examining the phenotypes of double mutants, but we did not observe any activating the MAPK cascade in the Drosophila ovaries, dmos is nonessential for meiosis in Drosophila, in congenetic interactions between png and dmos. 
Given the essential function of mos in vertebrates and
Our analysis of dmos illustrates the divergence of meithe requirement for DMOS in activation of the MAPK otic regulatory mechanisms and supports the emerging cascade in Drosophila ovaries, we explored the exisparadigm that meiosis is subjected to parallel, compentence of dmos-redundant pathways in three ways. First, satory controls to ensure the proper completion of this another MAPKKK may activate MAPK in the dmos mudevelopmental process that is critical for reproductive tant ovaries, providing the residual 7% of activity and success. It will be important to evaluate the role of MAPK sufficient function to mask any phenotypic consein Drosophila female meiosis as well as to test the requences of deleting dmos. The RAF-1 protein, a conquirements for CDK1/Cyclin activity, APC-mediated served homolog of the v-raf oncogene [17], activates proteolysis, and the spindle checkpoint. The mechanism the MAPK cascade in Drosophila somatic tissues (for a by which the metaphase I arrest is maintained and rerecent review see [18] ) and is therefore a good candidate leased is particularly intriguing. It has been demonfor redundancy with DMOS. To test this hypothesis, we strated that chiasmata are essential for signaling the introduced one copy of a null raf-1 mutation in the dmos arrest [33, 34], but the role of CDK1/Cyclin remains unmutant background and thereby reduced the levels of known. To date, a genetic evaluation of these compo-RAF-1 by half. The raf-1 mutation did not dominantly nents in oocytes has been hampered by the lack of enhance the dmos phenotype (data not shown), and alleles that could distinguish between roles during earthus either RAF-1 is not redundant with DMOS or the lier mitotic divisions in the germline and later meiosis in levels of RAF-1 are not limiting in the ovaries. the oocyte. Alternative approaches to producing condiThe MAPK cascade activates the Cyclin B/CDK1 comtional phenotypes are being developed, and these plex, so a second possibility is that Cyclin B/CDK1 is should permit such analyses in the future. 
